Josephson junctions with graphene as the weak link between superconductors have been intensely studied in recent years, with respect to both fundamental physics and potential applications. However, most of the previous work was based on mechanically exfoliated graphene, which is not compatible with mass production. Here we present our research using graphene grown by chemical vapour deposition (CVD) as the weak link of Josephson junctions. We demonstrate that CVD-graphene-based Josephson junctions with Nb electrodes can work effectively without any thermal hysteresis from 1.5 K down to a base temperature of 320 mK, and they show an ideal Fraunhofer-like interference pattern in a perpendicular magnetic field. We also show that the critical current of the junction can be tuned by a gate voltage. Furthermore, for our shortest junctions (50 nm in length), we find that the normal state resistance oscillates with the gate voltage, indicating that the junctions are in the ballistic regime, a feature not previously observed in CVD-graphene-based Josephson junctions.
graphene-superconductor (SGS) Josephson junctions should have a bipolar critical current that can be tuned from the electron band to the hole band by application of a gate voltage. 2 Such a unique property introduces a new degree of freedom for device operation, and offers the potential for a range of novel applications in magnetic metrology, quantum information, and other graphene-based electronics. Since the first SGS junction was experimentally realised by Heersche et al. in 2007 , 3 a number of papers on graphene-or thin-graphite-based
Josephson junctions and SQUIDs have been published, and many novel phenomena including multiple Andreev reflection 3, 4, [6] [7] [8] 14, 15, [18] [19] [20] 23 and ballistic transport 15, [17] [18] [19] [20] 23 have been discovered and discussed. The earlier work on SGS junctions was mainly based on mechanically exfoliated graphene, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] 16, 21, 22 due to the high quality and easy availability of such samples. To further investigate the new physics in the ballistic regime of the SGS junctions, various treatments had been made on mechanically exfoliated graphene, such as suspending it, 15, 23 or encapsulating it in hexagonal boron nitride (hBN). 17, 20 Recently, a few reports on SGS junctions based on epitaxial graphene on a SiC substrate 24 or graphene grown by CVD 25 have been published. However, the fabrication and measurement of SGS junctions compatible with large scale production remain less explored, and applications involving multiple SGS junctions are still a long way off.
Here we report our study on SGS junctions based on CVD graphene. The fabrication process has been carefully optimised to be compatible with very short and wide junctions. We show that these junctions exhibit ideal I-V characteristics and an ideal Fraunhofer pattern in a perpendicular magnetic field. We also show that the critical current of the junction can be effectively tuned by the gate voltage. Conduction through junctions based on CVD graphene is usually assumed to be diffusive due to a short mean free path. 25 However, our carefully controlled fabrication technique allows us to build junctions as short as 50 nm, which appears to be shorter than the mean free path. Consequently we managed to observe the oscillation of the junction normal state resistance versus gate voltage in more than one device, indicating that our shortest junctions are in the ballistic regime. The ballistic transport is also consistent with the behaviour of the critical current as a function of temperature.
We have developed a robust process to fabricate Josephson junctions based on CVD graphene, which is compatible with mass production. The graphene samples used in our experiment (Graphenea TM ) were synthesised and transferred to a silicon substrate with a 300-nm-thick oxide layer. The transferred graphene was initially characterised by atomic force microscopy (AFM) and Kelvin probe force microscopy (KPFM), which showed that the silicon substrate was fully covered by graphene, mostly mono-layer (see Supporting
Information for the images). After that, we use electron beam lithography (EBL) to define the superconducting electrodes. In order to reduce the junction normal state resistance R n and thus to increase the junction critical current I c , the Josephson junctions we define are of short length L, in the range 50-250 nm, and large width W = 80 μm, i.e. with a typical aspect ratio of ~1/1000 (Figure 1 ). After developing the resist, a tri-layer of Ti (5 nm We measured the electronic properties of the graphene-based Josephson junctions using a normal 4-probe configuration, in a 3 He cryostat with a base temperature of 320 mK. As shown in Figure 2 current I c tends to saturate when the temperature is below a certain value, whereas for the 50-nm-long junction, the critical current I c is still increasing at the lowest temperatures. Such a difference in the I c -T curves can be well explained by the theory of weak-links in the "dirty"
or "clean" limit developed by Kulik and Omelyanchuk (the KO-1 and KO-2 theories). 26, 27 A weak-link junction is in the dirty limit if the junction length L is much longer than the mean free path l, and is in the clean limit if L << l. For a weak-link junction in the dirty limit, as
shown by the KO-1 theory, the supercurrent I s is related to temperature T by
where R n is the normal state resistance of the junction, Δ is the temperature dependent energy gap of the superconductor, = (2 + 1)/ℏ is the Matsubara frequency for integer n, φ is the phase difference across the weak-link, and δ = √Δ 2 cos 2 ( /2) + (ℏ ) 2 . For a weak link in the clean limit, the I s -T relationship is described by the KO-2 theory,
For a given T, the expressions in Eqs. (1) and (2) need to be maximised over φ to determine I c (T). Qualitatively speaking, the I c -T curves determined by the KO-1 and KO-2 theory almost coincide with each other when the temperature is close to T c . 28 As temperature decreases, the I c of a dirty junction tends to saturate while the I c of a clean junction is still increasing. As shown by the red curves in Figures 2(c) -(e), the measured I c -T curves of the 150-nm-and 250-nm-long junction can be well fitted by the KO-1 theory, while the I c -T curves of the 50-nm-long junction is better fitted by the KO-2 theory (see Supporting
Information for detailed fitting results). This suggests that junctions longer than 150 nm are in the dirty regime where the transport of charge carriers is diffusive, while the 50-nm-long junction is in the clean regime where ballistic transport takes place. According to the fits, the junction transition temperature T c is 1.51~1.73 K, which is much smaller than that of the superconducting electrodes (T c ~ 9 K). This is probably because the interface between the graphene and the superconducting electrode is not highly transparent, so that the superconducting gap induced in the graphene by the proximity effect is much weakened. We also note that the critical current I c at the base temperature does not show a strong dependence on the junction length. This is because the contact resistance between the graphene and the superconducting electrode, which shows some device-to-device variation, makes a large contribution to the normal state resistance, as will be confirmed below. As a result, the normal state resistance R n also shows some device-to-device variation and is not so sensitive to the junction length. Since I c is inversely proportional to R n in both the KO-1 and KO-2 theories, I c does not show a strong dependence on the junction length for the range of lengths we have considered.
We also measured the electronic properties of the junctions in a perpendicular applied One of the key advantages of a graphene-based Josephson junction is that the critical current can be effectively tuned by the gate voltage, thanks to the relatively low density of states in graphene. [3] [4] [5] [6] [8] [9] [10] [11] [12] [13] [14] [15] 18, [20] [21] [22] 25 In Figure 4 (a) we show I-V curves measured on the same device under different gate voltages. Unlike the case in Figure 2 still remains some controversy about the exact cause. Many authors believe that the overall suppression of I c R n is a result of the imperfect interface between graphene and the superconductor. 13, 15, 18, 25 As to the further drop of I c R n near the Dirac point, most authors believe that it is caused by a discrepancy between the intrinsic critical current and the measured critical current due to premature switching, which is expected to be more pronounced near the Dirac point. 3, 4, 6, 8 However, others attribute the suppression of I c R n to specular Andreev reflection that occurs close to the Dirac point. and blue points are the residues when V g is swept upwards and downwards, respectively. All data was measured at 320 mK.
